INTRODUCTION
The genus Aspergillus consists of a large number of species, including several opportunistic pathogens (e.g. A. fumigatus, A. terreus), toxin producers (e.g. A. flavus, A. parasiticus) and industrial species (A. niger, A. aculeatus, A. oryzae) . The genus is divided into several sections, such as the yellow and the black aspergilli. The black aspergilli (Aspergillus section Nigri) are cosmopolitan, and contain the most commonly used industrial species, A. niger.
Aspergillus niger has been collected from locations around the globe and is often among the most common species found in fungal communities, indicating that this species is able to propagate efficiently in a wide range of environments. Aspergillus niger and other black aspergilli grow predominantly on dead plant material, which consists mainly of cell walls. These cell walls contain polymeric components, such as cellulose, hemicellulose, pectin, lignin and proteins, of which the polysaccharides make up about 80 % of the biomass (de Vries & Visser 2001) . Aspergillus cannot import polymeric compounds into the cell and therefore relies on enzymatic degradation to produce monomeric and small oligomeric carbon sources (de Vries & Visser 2001 , de Vries 2003 . Due to the large structural differences of the various plant polysaccharides, efficient degradation of these compounds relies on the production of a broad range of different enzymes. In addition, a tight regulatory system is required to ensure production of the right mixture of enzymes in the presence of a specific polysaccharide (de Vries & Visser 2001 , de Vries 2003 . Since different biotopes contain different plants (e.g. grasses vs. woods) and therefore different polysaccharides, different enzyme mixtures will be required for each biotope.
In light of this, one might expect that Aspergillus isolates from different biotopes have adapted to the available carbon source and produce different mixtures of enzymes to optimally utilise the available nutrients. Individual strains that have adapted to their environment might therefore grow less efficient in a different biotope. To study whether adaptation to the environment occurs we have compared 14 A. niger isolates from different global locations with respect to physiology, growth on different carbon sources, enzyme production and temperature profiles. In addition we also compared the ex-type strains of 14 species of black aspergilli to determine whether the differences between these species are larger than the differences between A. niger isolates from different biotopes. It was shown previously that A. niger can be distinguished from the other black aspergilli by the ability to grow in the presence of 20 % tannic acid, while the other species would only tolerate up to 5 % (Rippel 1939 , van Diepeningen 2004 . In this study we test a variety of non-toxic naturally occurring carbon sources to identidy species-specific differences in carbon utilisation.
MATERIALS AND METHODS

Strains, media and growth conditions
All strains used in this study are listed in Table 1 . Strains were grown on Malt Extract Agar (MEA) or Minimal Medium, pH 6.0 (MM) (de Vries et al. 2004) as indicated in the text. For growth on solid MM medium, 1.6 % (w/v) agar was added to the medium before autoclaving. For the generation of spore suspensions, strains were grown for 14 d on MEA plates at 25 °C except for A. piperis CBS 112811. This strain was cultivated at 37 °C, because it sporulated poorly at 25 °C. Temperature profiles were also obtained on MEA plates.
All strains and isolates were grown at 30 °C, for carbon source analysis. As a positive control, 1 % glucose was added to the MM media. Polysaccharides were added to a final concentration of 0.5 %, while monosaccharides were added to a final concentration of 25 mM. Abstract: Wild type Aspergillus niger isolates from different biotopes from all over the world were compared to each other and to the type strains of other black Aspergillus species with respect to growth and extracellular enzyme profiles. The origin of the A. niger isolate did not result in differences in growth profile with respect to monomeric or polymeric carbon sources. Differences were observed in the growth rate of the A. niger isolates, but these were observed on all carbon sources and not specific for a particular carbon source. In contrast, carbon source specific differences were observed between the different species. Aspergillus brasiliensis is the only species able to grow on D-galactose, and A. aculeatus had significantly better growth on Locus Bean gum than the other species. Only small differences were found in the extracellular enzyme profile of the A. niger isolates during growth on wheat bran, while large differences were observed in the profiles of the different black aspergilli. In addition, differences were observed in temperature profiles between the black Aspergillus species, but not between the A. niger isolates, demonstrating no isolate-specific adaptations to the environment. These data indicate that the local environment does not result in stable adaptations of A. niger with respect to growth profile or enzyme production, but that the potential is maintained irrespective of the environmental parameters. It also demonstrates that growth, extracellular protein and temperature profiles can be used for species identification within the group of black aspergilli. Plates were inoculated with 2 µL spore suspension of each strain. Cultivations for the crude polysaccharide assay were done with spore suspensions with a concentration of 5 × 10 4 spores/ mL. For serial dilutions, spore suspensions of 5 × 10 6 , 5 × 10 5 , 5 × 10 4 and 5 × 10 3 spores/mL were used. For temperature profiles, a concentration of 5 × 10 5 spores/mL was used. Liquid cultures for enzyme analysis were performed in MM with 1 % wheat bran (WB) and were inoculated to a final concentration of 0.5 × 10 6 spores/mL and were incubated at 30 °C for 2 d. Liquid cultures for chromosomal DNA analysis were performed using malt peptone (MP) broth containing 10 % (v/v) malt extract and 0.1 % (w/v) bacto-peptone, and were incubated at 25 °C for 3-4 d. All standard chemicals and carbon sources were obtained from Sigma.
Growth and hydrolase profiles can be used as characteristics to distinguish
Molecular Biology methods
DNA was extracted from mycelial samples using the Masterpure yeast DNA purification kit according to the instructions of the manufacturer. Fragments containing the ITS region were amplified using the primers LS266 (GCATTCCCAAACAACTCGACTC) and V9G [TTACGTCCCTGCCCTTTGTA, (Gerrits van den Ende & de Hoog 1999) ]. Amplification of part of the β-tubulin gene was performed using the primers Bt2a (GGTAACCAAATCGGTGCTGCTTTC) and Bt2b [ACCCTCAGTGTAGTGACCCTTGGC, (Glass & Donaldson 1995) ]. Both strands of the PCR fragments were sequenced with the ABI Prism ® Big Dye TM Terminator v. 3.0 Ready Reaction Cycle sequencing Kit. Samples were analysed on an ABI PRISM 3700 Genetic Analyzer and contigs were assembled using the forward and reverse sequences with the programme SeqMan from the LaserGene package. Sequences were aligned in Molecular Evolutionary Genetics Analysis (MEGA) v. 4 using CLUSTALW. The Phylogenetic trees were established with Maximum Parsimony method in MEGA v. 4. To determine the support for each clade, a bootstrap analysis was performed with 500 replications.
Enzyme assays and protein profiles
Extracellular hydrolytic activities were assayed using 0.01 % substrate, 20-40 μL sample and 25 mM sodium acetate pH 5.0 in a total volume of 100 μL. The mixtures were incubated for 1 h at 30 °C after which the reaction was stopped by adding 100 μL 0.25 M Na 2 CO 3 . Absorbance was measured at 405 nm in a microtiter plate reader. The activity was calculated using a standard curve of p-nitrophenol. The substrates used for enzyme assays were all obtained from Sigma and were p-nitrophenol-α-arabinofuranoside, p-nitrophenol-β-xylopyranoside, p-nitrophenol-β-galactopyranoside, p-nitrophenol-α-galactopyranoside, p-nitrophenol-β-glucopyranoside and p-nitrophenol-β-mannopyranoside to measure α-arabinofuranosidase, β-xylosidase, β-galactosidase, α-galactosidase, β-glucosidase and β-mannosidase, respectively. Culture filtrate samples were separated on 10 % SDS-PAGE gels and stained using silver-staining.
RESULTS
Identification of putative A. niger wild isolates
The CBS database was searched for A. niger isolates obtained from a wide variety of locations around the world, resulting in 34 isolates. In addition to these, the parent of the A. niger strain sequenced by DSM (Pel et al. 2007 ) and the strain sequenced by the Joint Genome Institute of the US Department of Energy (Baker 2006) were also included in the study. To confirm that these strains were true A. niger strains, the ITS and β-tubulin sequences of these strains were compared to those of the ex-type strains of the different black aspergilli (Fig. 1) . This demonstrated that from the 34 isolates only 14 were A. niger strains. The other strains were members of A. tubingensis (13), A. brasiliensis (3), A. acidus (3) and A. costaricaensis (1). The 14 A. niger isolates as well as the sequenced strains were used for the rest of the study in comparison to the ex-type strains of the different black aspergilli, while the other isolates were eliminated from the study. The remaining A. niger isolates still represent a worldwide distribution.
Growth profiles of A. niger isolates and type strains from Aspergillus section Nigri
All A. niger isolates have similar growth profiles on monosaccharides (Table 2 , Fig. 2 ). CBS 115989 grows significantly slower than the other isolates on all monomeric carbon sources. In contrast, carbon source specific differences were observed between the different black aspergilli ( Fig. 2 ).
Growth on plant polysaccharides was also tested, as they are a major natural carbon source of aspergilli. The strain specific growth differences of the A. niger isolates observed on monomeric carbon sources were also observed on polysaccharides. All A. niger isolates grew best on starch and pectin, while slower growth was observed on xylan, arabinogalactan and Locust Bean gum (contains mainly galactomannan) (Table 3, Fig. 3 ). Very poor growth was observed on cellulose (Table 3, Fig. 3 ). In contrast, significant differences were observed when the Aspergillus ex-type strains were compared. Similar to the monomeric carbon sources, no growth was observed on any of the polysaccharides for A. piperis and A. ellipticus, but growth of A. heteromorphus on arabinogalactan and Locus Bean gum was better than on any of the monomeric carbon sources (Table 3, Fig. 3) . Nearly all the other species preferred starch and pectin, as was observed for the A. niger isolates (Table 3, Fig. 3 ). An exception was A. aculeatus, which grew equally well on Locust Bean gum, pectin and starch. Aspergillus niger, A. carbonarius, A. tubingensis, A. costaricaensis, A. homomorphus, A. aculeatus and A. japonicus grew better on xylan than the other species, while significant growth on cellulose was only observed for A. aculeatus, A. japonicus and A. homomorphus (Table 3, Fig. 3 ).
Protein and enzyme profiles of A. niger isolates and ex-type strains from Aspergillus section Nigri
Growth on polysaccharides is dependent on the production of extracellular enzymes that degrade these polymers to monomeric and small oligomeric compounds that can be taken up by the fungus. We therefore determined the extracellular protein profile and assayed the production of six polysaccharide hydrolases during growth on wheat bran: α-arabinofuranosidase (ABF, involved in xylan, xyloglucan and pectin degradation), β-xylosidase (BXL, coMpariSon of aspergillus niger wild iSolateS involved in xylan degradation), β-galactosidase (LAC, involved in xylan, xyloglucan, pectin and galactomannan degradation), α-galactosidase (AGL, involved in galactomannan degradation), β-glucosidase (involved in cellulose and galactoglucomannan degradation) and β-mannosidase (involved in galactomannan degradation). The protein profiles were highly similar for the A. niger isolates and A. lacticoffeatus, while significant differences were detected between the other species (Fig. 4) . The pH at the moment of sampling varied both between the species and within the A. niger group, although most A. niger isolates acidified the medium (Fig. 4) . The enzyme activity profiles of the A. niger isolates were also highly similar (Fig. 4) . Some variation in activity levels were detected with CBS 112.32 and CBS 115989 often producing lower levels than the other A. niger isolates. Larger differences were observed between the different Aspergillus species (Fig. 4) . Aspergillus carbonarius, A. ellipticus (poor growth), A. acidus, A. heteromorphus (poor growth) and A. homomorphus has significantly lower production of ABF, BXL, LAC, AGL, BGL and MND than the other species. The same applies for A. japonicus for ABF and BXL. The highest ABF and BXL activity was observed for A. brasiliensis, while the highest LAC and BGL activity was observed for A. aculeatus and the highest AGL activity for A. brasiliensis and A. aculeatus (Fig.  4) . MND activity was low for all strains in comparison with the other enzyme activities.
Species
Temperature profiles of the A. niger isolates and extype strains from Aspergillus section Nigri
The absence of growth of A. piperis and A. ellipticus on all carbon sources on solid media, but not in liquid media with wheat bran raised questions about the temperature tolerance of these species on solid media. To determine whether there were significant differences in the temperature profiles of the strains of this study, they were grown on MEA plates at temperatures ranging from 6 °C to 45 °C. All A. niger isolates had nearly identical temperature profiles, with 33-36 °C as optimal temperature (Fig. 6 ). More differences were observed between the different Aspergillus species (Fig. 5) . Aspergillus brasiliensis grew very poorly at 15 °C. Aspergillus ellipticus only showed residual growth at 30 °C (Fig. 7) , which was confirmed for a second A. ellipticus isolate (data not shown).
Aspergillus heteromorphus showed only minimal growth at 33 °C, while the same was true at 36 °C for A. japonicus, A. aculeatus, A.
homomorphus and A. carbonarius. The other species were still able to grow at 42 °C, but none of the species were able to grow at 45 °C.
DISCUSSION
Aspergillus niger is commonly found throughout the world and is therefore capable of growing in a large variety of biotopes with highly coMpariSon of aspergillus niger wild iSolateS different environmental conditions, such as nature of available carbon sources and other nutrients, temperature and humidity. In this study we evaluated whether the global origin of an A. niger isolate affects its carbon source profile as this would indicate that the isolates adapt to their local environment. Sequence-based identification of the 34 A. niger isolates selected from the CBS database, demonstrated that only 14 were true A. niger strains. The others mainly belonged to species that were previously shown to be closely related to A. niger (Samson et al. 2007 ) and this result demonstrates that the classification based on morphology is not sufficient for species identification. A previous study (van Diepeningen 2004) demonstrated that 40 % of black aspergilli isolates from soil belong to A. niger and another 40 % to A. tubingensis, providing a similar species dispersion as obtained in our study. The 14 remaining A. niger isolates still represent a global distribution as they include 3 isolates from North-America, 4 isolates from North-western Europe, 4 isolates from Africa, 2 isolates from Asia and 1 isolate from the South-Pacific islands. As the climates and biotopes are very different in these areas it can be concluded that the strains were isolated from significantly different environments. Unfortunately, for most isolates the material they were collected from was not indicated, so it is impossible to describe the strains based on their natural carbon source at the moment of isolation.
Although some A. niger isolates grow faster than others, no carbon source specific differences were found between the strains, either on monomeric or polymeric carbon sources. This indicates that the ability to grow on the range of carbon sources tested in this study is maintained among all the isolates, even though they were isolated from environments that differ strongly in their carbon source composition. It can therefore be concluded that adaptation to the natural environment does not occur at the genetic level for A. niger and its ability to utilise various carbon sources. It could be that metabolic adaptation occurs during growth in different environments, but this does not result in a permanent alteration of the ability of the strain to consume a wide range of carbon sources. A previous study (van Diepeningen 2004) suggested that the air-borne and UV-resistant characteristics of the spores result in world-wide well-mixed population of A. niger isolates. Wind-based distribution would result in highly varied biotopes for the spores of a particular isolate. Specialisation to specific carbon sources would then be a disadvantage to an isolate. A recent study by Rokas et al. (2007) compared the two A. niger strains that were used for genome sequencing, CBS 513.88 (a descendent from CBS 115989) and ATCC 1015 (CBS 113.48) . They identified differences between the strains at the level of colony morphology. Another study (Pal et al. 2007 ) demonstrated that the two strains were heterokaryon incompatible, indicating that they do not have a (recent) clonal relation. Non clonal linkages often vary in gene expression and growth rates that in some cases can be attributed to the occurrence of dsRNA mycoviruses (van Diepeningen et al. 2006 ). In the current study the main difference between CBS 115989 and CBS 113.46 was the slower growth of CBS 115989, which confirms that these strains are not identical. However, they did not differ in their carbon source growth profile.
In contrast, significant differences were observed between the different black Aspergillus species, demonstrating that the interspecies variation with respect to carbon source utilisation is larger than the variation within a species. The absence of growth on D-galactose for all the black aspergilli has been reported before (de Vries et al. 2005) , but our study demonstrate that A. brasiliensis is able to grow on this substrate. This suggests a significant difference between this species and the other black aspergilli. Whether the difference is at the level of sugar transport or metabolism is not clear at this point. Previous studies with an A. niger high affinity hexose transporter demonstrated that this protein could transport D-glucose, D-fructose and D-mannose, but not D-galactose (vanKuyk et al. 2004) , indicating that D-galactose transport may be different from the other hexoses.
The absence of growth on plates of A. ellipticus can be explained by its temperature profile, as this strain is not able to grow above 27 °C and the experiment was performed at 30 °C. This appears to be a species characteristic, as a second A. ellipticus strain that was tested showed the same temperature profile. Aspergillus ellipticus did show slow growth at 30 °C in liquid shaken culture, indicating that the culture set-up affects its ability to cope with high temperatures. coMpariSon of aspergillus niger wild iSolateS the same strain grew very well in liquid culture at 30 °C and also was able to grow on malt extract agar plates at temperatures up to 42 °C. Possibly, minimal medium lacks a specific component (e.g. an amino acid) that cannot be synthesised sufficiently by A. piperus itself, but that is present in both MEA and wheat bran. These results suggest that growth profiles on defined media and at different temperatures can be used as a first step in the identification of different black Aspergillus species, as they do not differentiate between strains of the same species isolated from different environments.
No strong differences were observed in hydrolase production between the A. niger isolates during growth on wheat bran. Wheat bran was used as a substrate as it has been shown to induce the production of a large variety of hydrolases by Aspergillus (Yamane et al. 2002 , Kang et al. 2004 . Strain CBS 115989 overall had lower levels of activity than the other A. niger isolates, but this strain also grew significantly slower on all substrates than the other isolates. Based on the activity profile, CBS 101705 is the best producer of ABF, BXL, LAC and BGL, while CBS 242.93 is the best producer of AGL. These differences demonstrate that the variety among natural isolates with respect to enzyme production could be exploited for selection of novel production strains or for understanding the factors (e.g. regulators, metabolic differences) that affect production of specific enzymes.
Similar to the growth experiments, much larger differences in hydrolase production were observed between the Aspergillus species than between the A. niger isolates. Production of all hydrolases was particularly low in A. ellipticus, A. acidus, A. heteromorphus, A. homomorphus and A. carbonarius (except for BGL) . For A. ellipticus this can be explained by poor growth at this temperature, while in the case of A. acidus this is partly caused by a high extracellular protein production, but a low absolute enzyme activity. Except for A. acidus, all species with low activity cluster together in the phylogeny of the black aspergilli (Samson et al. 2007) , suggesting that this phenomenon can be traced back to the combined origin of these species. The strong similarity between A. lacticoffeatus and the A. niger isolates is easily explained as recent studies showed that A. lacticoffeatus is in fact the same as A. niger (Varga et al. 2011) . This suggests that species identification can already largely be determined using SDS-PAGE profiles after growth on wheat bran for the black aspergilli, which would be a relative easy tool that could also be applied in low-tech facilities. SDS-PAGE profiles of intracellular samples have been used previously for species identification when comparing isolates of A. niger, A. nidulans, A. flavus and A. fumigatus (Rath 2001) . However, these profiles are more complex and more sensitive to variation (de Vries et al., unpubl. results) .
Identification of the proteins that are secreted by these species would be interesting as this may shed some light on their physiology in the presence of crude carbon sources. Polysaccharide hydrolases have mainly been purified from A. niger and A. aculeatus, while some have also been reported from A. acidus, A. japonicus, A. tubingensis, A. carbonarius and A. brasiliensis (Takada et al. 1999 , Brumbauer et al. 2000 , van Casteren et al. 2000 , Decker et al. 2000 , 2001b , de Vries & Visser 2001 , Kiss et al. 2002 , el-Gindy 2003 , Liu et al. 2007 , Pedersen et al. 2007 . No papers about polysaccharide hydrolases have been reported for any of the other species. The data of the current study indicates that some of these species (e.g. A. piperis) could be interesting sources of hydrolytic enzymes, which may have different properties from those described previously.
In summary, this study demonstrates that A. niger isolates have a similar potential for growth on monomeric and polymeric sugars as well as their polysaccharide hydrolase profiles, even when they have been isolated from significantly different biotopes. In contrast, strong differences were found in growth and hydrolase profiles among closely related Aspergillus species, indicating that these parameters may be considered species characteristics.
